Semiconductor nanowires (NWs) have been considered as excellent building blocks for future devices due to their unique geometry and superior electrical and optical properties. [1] [2] [3] Single NWs are particularly promising for compact nanolasers as they can provide both a gain medium and microcavity, which provide good optical feedback for lasing. [4] [5] [6] [7] To date, room-temperature NW lasers have been achieved in various materials, involving ZnO, GaN, CdS, InP, and GaAs. [8] [9] [10] [11] [12] [13] [14] In comparison with homogeneous NWs, NW heterostructures incorporating quantum well (QW) or quantum dots (QDs) are expected to have distinct advantages for lasers such as low threshold, improved temperature stability, and wide-range wavelength tunability. [15] [16] [17] Moreover, radial NW/QW or NW/QD heterostructures decouple the gain medium and the optical cavity, avoiding the reabsorption of emission during its propagation in the NW cavity. 18 So far, radial NW/QW or NW/QD heterostructures have been fabricated in GaN/InGaN, InP/InAs, GaAs/In(Ga)As, and AlGaAs/GaAs. 17, [19] [20] [21] [22] [23] [24] Fabry-P erot cavity modes have been widely observed in these structures, and room temperature lasing has also been achieved in some of them. 17, [21] [22] [23] [24] For example, individual GaN/InGaN multiple QW (MQW) NW has been reported to yield room-temperature compositiondependent lasing over a broad wavelength range, which is promising for wavelength-tunable sources. 17 Since its birth in 1970, AlGaAs/GaAs doubleheterostructure lasers have been widely used in optical communications and optical storage. 25 AlGaAs/GaAs NW heterostructure lasers are promising in short-range optical communications and chip-to-chip or on-chip optical interconnections. Recently, room-temperature AlGaAs/GaAs MQW NW lasers have been reported. 23, 24 In comparison with the MQW NW, single QW (SQW) NW has a simpler structure and reduced dimension. In this work, we report on a low-threshold room-temperature laser based on a single AlGaAs/GaAs SQW NW grown by metal organic chemical vapor deposition (MOCVD). Low-temperature lasing was observed with a low threshold of 600 W/cm 2 , a narrow linewidth of 0.39 nm, and a high Q factor of 2000. Lasing was observed up to 300 K, with an ultrasmall temperature dependent wavelength shift of 0.045 nm/K. The underlying lasing mechanism was theoretically investigated using the finite element method (FEM).
The AlGaAs/GaAs NW SQW heterostructures were grown by using a Thomas Swan closed coupled showerhead (CCS) MOCVD system at a pressure of 100 Torr. Trimethylgallium (TMGa), trimethylaluminum (TMAl), and arsine (AsH 3 ) were used as precursors. The carrier was hydrogen. An Au film with a thickness of 4 nm was deposited on the GaAs (111) B substrate by magnetron sputtering. The substrate was then loaded into the MOCVD reactor and annealed at 650 C under AsH 3 ambient for 300 s to form catalyst. AlGaAs NWs were grown at 440 C for 700 s. The flow rates of TMGa and TMAl were 39 and 18 lmol min
À1
, respectively. After raising the temperature to 500 C, a thin GaAs shell was radially grown on the AlGaAs NW for 150 s with a low TMGa flow rate of 5.4 lmol min
. Then, an AlGaAs shell was radially grown on the GaAs shell at 500 C for 200 s, with a flow rate of 39 and 18 lmol min À1 for TMGa and TMAl, respectively. In the structure, the GaAs shell acts as the QW, while the AlGaAs core and shell function as the barriers.
The NWs were characterized by scanning electron microscopy (SEM), X-ray energy dispersive spectroscopy (EDS), and aberration corrected high-angle annular dark field/ scanning transmission electron microscopy (HAADF/STEM). NWs were mechanically cut down and dispersed onto a Si/Ag/ MgF 2 substrate. The substrate was fabricated by depositing a 200 nm Ag film on a Si substrate, followed by depositing a 5 nm MgF 2 film using electron beam evaporation. For lasing characterization, a home-built pulsed laser was used to pump the NW (a fiber laser providing 6 ps pulses at a wavelength of 532 nm with the repetition rate of 32 MHz). The excitation beam was focused onto $2 lm in diameter with a Â50 microscope objective on the sample placed in a cryostat. The emission through the same microscope objective was detected by the combination of a grating spectrometer and a silicon charge-coupled device (CCD). Fig. 1(a) shows the SEM image of the as-grown NW array. The NWs are vertical to the substrate with a diameter ranging from several dozen to several hundred nanometers. The inset shows an enlarged SEM image of the NW top. The different contrasts clearly demonstrate a core-shell structure. Fig. 1(b) shows the SEM image of a single lying NW, which has a length of approximately 8 lm and a uniform diameter of about 300 nm. The NW has a common hexagonal cross section, as shown in the inset. Fig. 1(c) shows the cross-sectional HAADF/STEM image. The QW can be clearly distinguished between the core and shell due to different brightness intensities. The core and shell contain an Al composition of 20% and 30%, respectively, according to the EDS results. The AlGaAs shell exhibits an inequilateral hexagonal crosssection and nonuniform thickness, which is attributed to an asymmetric lateral growth. The six sidewalls are {112} atomic planes with three of them belonging to {112} A and the other three belonging to {112} B . As has been reported, the lateral growth on {112} A sidewalls is faster than that on {112} B sidewalls.
26 Fig. 1(d) shows the magnified HAADF/STEM image across a section of GaAs QW and AlGaAs barriers, revealing high-quality interface abruptness. The QW thickness (about 5 nm) is much smaller than the exciton Bohr radius in GaAs, which means that a strong quantum confinement effect could be expected in the structure. 27 To investigate the lasing characteristics of single NWs, PL spectroscopy was performed under 532 nm pulsed laser excitation at 80 K. Fig. 2(a) shows the PL spectra with various excitation power densities. Above an excitation power density of $600 W/cm 2 , the peak at 781 nm increases sharply in intensity and its linewidth narrows, which is a signature of lasing. FEM simulations show that the NW can support three waveguide modes, HE 11x , HE 11y , and TE 01 , while TE 01 has the smallest threshold gain. According to the single mode lasing character in the experiment, the lasing mode is determined to be TE 01 . Fig. 2(b) plots the doublelogarithmic integrated light-out versus light-in (L-L) plot of the lasing peak at 781 nm, exhibiting an S-shaped nonlinear behavior, which is a characteristic of the transition from spontaneous to amplified spontaneous emission and finally lasing. We also observe a gradual narrowing of the linewidth from $1.8 nm to $0.4 nm when the excitation power density increases from 290 W/cm 2 to 2.9 kW/cm 2 . At an excitation power density of 2.9 kW/cm 2 , the laser exhibits a narrowest linewidth of 0.39 nm, as shown in Fig. 2(c) . This corresponds to a high Q factor of 2000, which is much higher than the Q factors of GaAs/AlGaAs NW lasers. 12, 28, 29 The high Q factor could be attributed to the decoupling of the gain medium from the optical cavity, which dramatically reduces the absorption loss of emission in the cavity. When the excitation power further increases, the linewidth of the lasing peak turns to increase due to the phase fluctuations arising from spontaneous emission events and their related refractive index perturbations, as well as the faster stimulated emission dynamics in the strong excitation regime. 30, 31 The lasing behavior can be observed up to room temperature. Fig. 3(a) presents the room-temperature PL spectra at different excitation power densities. With the increasing excitation power, a sudden increase in emission intensity is observed at 791 nm. Fig. 3(b) presents the doublelogarithmic L-L plot, which shows an S-shaped behavior at a threshold power density of 2.5 kW/cm 2 . The threshold for the laser at room temperature is about 4 times as large as that at 80 K, as higher carrier density is required to satisfy the threshold gain with increasing the temperature.
12 Fig. 3(c) shows the PL spectra of the same NW for temperature ranging from 80 to 300 K. It can be seen that lasing is obtained at all temperatures, while both the lasing wavelength and linewidth change with temperature. The dependence of the lasing wavelength and linewidth on temperature is presented in Fig. 3(d) . With increasing temperature, the lasing peak exhibits a redshift of only 10 nm, much smaller than the bandgap reduction of GaAs, indicating that the temperature dependence of the laser emission wavelength is dominated by the variation of the refractive index in the case of NW cavity with a very small cavity length. 16, 32 The wavelength increases nearly linearly with a slope of 0.045 nm/K, much smaller than the QW and NW lasers, and even smaller than some QD lasers. 12, 13, 16, 23, [33] [34] [35] The high temperature stability of lasing wavelength makes the laser promising for uncooled device applications. 33 The linewidth increases from $0.4 to $1.4 nm as the temperature increases from 80 K to 300 K, which could be attributed to the faster variation of the gain in comparison with the refractive index, as well as the change of carrier concentration. 36 In order to understand the underlying lasing mechanism, FEM simulations are carried out on an AlGaAs/GaAs SQW NW on top of both SiO 2 and Ag/MgF 2 substrates at room temperature, as illustrated in Fig. 4(a) and Fig. 4(b) . For the NW on the SiO 2 substrate, partial pump energy is scattered without being absorbed by the NW to generate photons due to the transmission at the interface of NW/SiO 2 substrate. However, for the NW on the Ag/MgF 2 substrate, transmitted pump energy through the NW is highly reflected by the Ag film and reabsorbed by the NW. The optical absorption enhancement of the NW can be calculated by the ratio of integration of electric field intensity inside the NW crosssection of each system. 37 For an incident wavelength of 532 nm, the theoretical reflection enhancement is $26Â, which dramatically increases the optical absorption of the NW. Particularly, the Ag film can also enhance the optical absorption of the QW, which acts as the gain medium and dominates lasing. Under optical pump, the AlGaAs NW absorbs part of the pump energy and generates photons, which may scatter through the SiO 2 substrate. In the presence of the Ag film, most of the scattered photons can be reflected back into the NW and reabsorbed by the QW. Fig.  4 (c) presents the room-temperature PL spectra of NW on SiO 2 and Ag/MgF 2 substrates, respectively. The PL intensity of the GaAs SQW on the Ag/MgF 2 substrate is nearly 10 times higher than that on the SiO 2 substrate, suggesting a much sufficient optical absorption, which contributes to the low-threshold lasing. It is necessary to point out that due to the presence of the metallic layer, the photons in the NW can excite surface plasmon polaritons forming the hybrid photonplasmon mode. However, according to the results in Ref. 38 , for a large NW diameter of around 300 nm, the mode is photonic-like mode. Thus for the SQW NW, photons make major contributions to lasing rather than plasmons.
In summary, we have demonstrated a low-threshold room-temperature near-infrared nanolaser based on an AlGaAs/GaAs SQW NW grown by MOCVD. When subjects to pulsed optical excitation, the NW exhibits lasing with a low threshold of 600 W/cm 2 , a narrow linewidth of 0.39 nm, and a high Q factor of 2000. Lasing is observed up to 300 K, with an ultrasmall temperature dependent wavelength shift of 0.045 nm/K, even smaller than some QD lasers, suggesting the high-thermal-stability of the laser. FEM simulations demonstrate that the lasing mode is the TE 01 mode, and the lowthreshold could be majorly attributed to the enhancement of the optical absorption by the highly reflective metal substrate. The threshold may be further reduced by incorporating MQW heterostructures, and lasing wavelength can also be tuned by adjusting the QW thickness and composition. Our demonstration is a major step towards the future realization of NW lasers utilizing QWs with low-consumption, high-temperaturestability, and wide-range wavelength tunability. 
